To quantify nonresponse bias and estimate its potential impact, the authors compared census-based socioeconomic and demographic factors and geographic locations among respondents and nonrespondents in a multicenter case-control study of non-Hodgkin lymphoma (1998)(1999)(2000). Using a geographic information system, the authors mapped current addresses and linked them to the 2000 US Census database to determine group-level demographic and socioeconomic information. They used logistic regression analysis to compute the risk of being a nonrespondent, separately for cases and controls. They used spatial scan methods to evaluate spatial clustering at each study center. Among cases at one or more centers, nonresponse was significantly associated with nonWhite race, lower household income, a greater proportion of multiple-unit housing, fewer years of education, and living in a more urbanized area. For most factors, the authors observed similar patterns among controls, although findings were mostly nonsignificant. They found two nonrandom elliptical clusters in Los Angeles, California, and Detroit, Michigan, that disappeared after adjustment for the demographic factors. The authors determined the bias in non-Hodgkin lymphoma risk associated with census-tract educational level by comparing risks among respondents and all subjects. The bias was 8%, indicating that the socioeconomic and demographic differences between respondents and nonrespondents did not result in a large bias in the risk estimate for education. bias (epidemiology); case-control studies; censuses; epidemiologic methods; geographic information systems; lymphoma, non-Hodgkin Abbreviations: NCI, National Cancer Institute; NHL, non-Hodgkin lymphoma; SEER, Surveillance, Epidemiology, and End Results.
Investigators carrying out such studies face increasing challenges in obtaining sufficiently high response rates (1) . Nonresponse bias occurs when participating cases, controls, or both differ from nonparticipants with respect to the distribution of disease risk factors (2) . When patterns of nonresponse differ between cases and controls, biased risk estimates can result. Higher rates of nonresponse increase the likelihood of nonresponse bias and errors in risk estimates.
Through the Surveillance, Epidemiology, and End Results (SEER) Program, the National Cancer Institute (NCI) compiles data on cancer incidence and survival from numerous population-based cancer registries. We conducted a large, multicenter, population-based case-control study of non-Hodgkin lymphoma (NHL) at four SEER centers: Seattle, Washington; Los Angeles, California; Detroit, Michigan; and the state of Iowa (the NCI-SEER NHL Study). The study examined various environmental exposures as possible risk factors for NHL, including pesticides, occupational exposures, hair dyes, tobacco and alcohol, dietary factors, and viruses. Because response rates were relatively low and because many of the exposures of interest may vary by race, sex, age, socioeconomic status, and geographic location, we compared these factors among participating and nonparticipating cases and controls to evaluate the potential for nonresponse bias.
MATERIALS AND METHODS

Study design and data sources
The methods of the NCI-SEER NHL Study have been described in detail elsewhere (3) . A total of 2,248 potentially eligible cases were identified in four population-based SEER cancer registries from July 1, 1998, through June 30, 2000. We did not approach 520 NHL cases because they had died (14 percent), their physician refused (3 percent), they could not be found (6 percent), or they had moved out of the area (1 percent). Of the remaining 1,728 cases, 274 (16 percent) refused to participate and 133 (8 percent) were not interviewed for reasons such as illness, impairment, or our inability to contact them. We selected controls stratified on age, sex, race, and center. Controls aged 20-64 years were selected by one-step list-assisted random digit dialing, sampling from banks with one or more telephone numbers listed in the White Pages (residential) directory. Telephone numbers were matched against the Yellow Pages (commercial) directory to remove business numbers and were autodialed to remove nonworking numbers. Controls aged 65 years or older were selected from Medicare files. Of 2,409 eligible controls selected from the general population in the four registry areas, 1,352 did not participate in the study because they either could not be located (13 percent), had died (1 percent), had moved out of the area (1 percent), refused (35 percent), or were not interviewed because of illness, a language barrier, or other reasons (6 percent). All participants were defined as respondents, and all selected eligible subjects who did not participate were defined as nonrespondents. The overall response rates were 58.8 percent for cases and 43.9 percent for controls.
Using a geographic information system, we linked the current address of each respondent and nonrespondent to the 2000 US Census database to compare respondents with nonrespondents on the basis of demographic and socioeconomic factors. The addresses of respondents and nonrespondents were geocoded using ArcView 3.2 software (ESRI, Inc., Redlands, California) and Geographic Data Technology's MatchMaker SDK Professional Version 4.3 street database (Geographic Data Technology, Inc., Lebanon, New Hampshire) (4). Addresses for 2,183 of 2,378 respondents (92 percent) and 1,996 of 2,279 nonrespondents (88 percent) were located or were matched to the nearest intersection; the remainder could not be geocoded because the addresses were incomplete or could not be found in the database. Among both cases and controls, persons with addresses that could be geocoded were comparable to those whose addresses could not be geocoded with respect to age and gender. Information on race and education was missing for many nonrespondents, but among those with this information, there were no substantial differences based on geocoding status. Geocoded addresses were linked to the corresponding 2000 US Census geographic units (block, block group, and census tract). We also linked the addresses to the 1990 US Census (block group) to obtain information on water source for each subject, which was not available in the 2000 Census. For 117 subjects, the geocoded location of their residence was linked to a census block with no population, probably because of a geocoding error. These subjects were excluded, leaving 2,109 respondents (1,166 cases, 943 controls) and 1,953 nonrespondents (783 cases, 1,170 controls) in the analysis.
Data analysis
The decennial census data are available in hierarchical order of increasing geographic and population size (e.g., census block, block group, and census tract). Information on block demographic factors and block group socioeconomic factors and housing characteristics was compiled from the questions asked of all people (Summary File 1) and a one-in-six sample of all people (Summary File 3), respectively. We obtained this information from the US Census Bureau website (http://www.census.gov) for each census unit where respondents and nonrespondents lived. All variables except for block-group median household income were listed in the Census database as the number of people in the census unit defined by the particular demographic factor (table 1) . We calculated the percentage of the census-unit population in each subgroup (e.g., the proportion of non-Hispanic Whites in a census block). We also calculated years of education for specific demographic subgroups as a weighted average across the census unit. We used a weight of 5 years for ''less than 9th grade,'' 10 for ''9th-12th grade, no diploma,'' 12 for ''high school graduate (includes equivalency),'' 14 for ''some college, no degree,'' 15 for ''associate degree,'' 16 for ''bachelor's degree,'' and 18 for ''graduate or professional degree.'' Self-reported information on race was available for nonrespondents in Detroit and Los Angeles to allow for oversampling of African Americans at the two study centers (3); this was not the case for Seattle and Iowa. For persons with self-reported information on individual race, we categorized race into White (designated 1) versus non-White (designated 0). For persons with missing information on race, we calculated the proportion of Whites by sex and 10-year age group in the census blocks where they resided, and we assigned the appropriate sex-and age-specific proportion of Whites (range, 0-1). There was a good correlation between the census block and individual race variables for persons with individual race information (Spearman correlation, r ¼ 0.60).
The amount of cropland surrounding the residence was found to be a predictor of residential exposure to agricultural pesticides among respondents in Iowa (5). We computed the average crop acreage within 500 m of the residence during 1998-2000 for each of 196 respondents and 112 nonrespondents in Iowa whose residence fell within the boundaries of crop maps for central Iowa. As previously described (5), maps for 1998, 1999, and 2000 were created from spring and summer Landsat multispectral satellite images from two path/rows in south-central Iowa, using Farm Service Agency records for validation.
We used logistic regression to estimate the risk (odds ratio) of being a nonrespondent for cases and controls separately and by study center. We categorized the proportions of census units comprising different races, incomes, and housing types into four levels based on the quartile cutpoints among all respondents, by center, using the lowest quartile as the reference group. We categorized education into three levels: <12 years, 12-15 years, and !16 years. Crop acreage near homes was categorized into three levels based on tertiles among the respondents. We adjusted all models for individual-level information on sex, age (continuous), and race (White, non-White). The census race variable was used when information on individual race was missing. All statistical tests were two-sided.
Seattle, Los Angeles, and Detroit are highly urbanized areas, with 97 percent of the population using public water supplies. However, Iowa has more variation in the percentage of the census block group population using public water supplies and living in urbanized areas. Therefore, we evaluated these variables for Iowa only and categorized them into two levels (<50 percent vs. !50 percent) because the distributions tended to be bimodal.
We used stepwise logistic regression to identify the most significant variables associated with nonresponse at each center using significance levels of 0.20 and 0.15 for entering an effect into the model and keeping it in the model, respectively. Age, sex, and race were retained in all models. We assessed spatial autocorrelation by repeating the logistic regression analysis with the same covariates plus additional random effects for latitude and longitude of the geocoded residences, using the GLIMMIX procedure in SAS (6) . No unexplained spatial autocorrelation was found, so we present results from the fixed-effects logistic models.
We evaluated the potential for bias in the estimate of NHL risk associated with census tract educational level and median household income by comparing the odds ratio based on respondents only with that based on all subjects. Educational level and household income were analyzed because they are major components of socioeconomic status and they may be correlated with certain occupational and environmental exposures.
We analyzed spatial clustering of respondents and nonrespondents separately for cases and controls at each center, using a spatial scan method based on a Bernoulli model developed by Kulldorff and colleagues (7) (8) (9) . The maximum size of the geographic cluster was set to include no more than 49 percent of all subjects. The analysis identified circular or elliptical clusters in which the ratio of nonrespondents to respondents differed from the overall ratio in the study population. We compared the demographic and socioeconomic characteristics of individuals within a significant cluster to those of persons outside the cluster using a t test, or the Satterthwaite method if variances were not equal. To determine whether the spatial clustering was explained by the census factors that were associated with nonresponse, we conducted the spatial clustering analysis again using a normal model-based spatial scan method (9) on the residuals of the multivariate logistic model that included the census demographic and socioeconomic factors. Proportion of people using a public water system (Iowa)
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RESULTS
For Los Angeles, Detroit, Seattle, and Iowa, response rates were 52 percent, 55 percent, 62 percent, and 67 percent, respectively, among cases and 38 percent, 39 percent, 44 percent, and 58 percent, respectively, among controls. Table 2 shows the distribution of demographic and other individual-level information for respondents and nonrespondents. Overall, response rates were higher among female cases (62 percent) than among male cases (56 percent). Cases and controls who responded tended to be younger than nonrespondents (median age in cases, 58 years vs. 60 years; median age in controls, 61 years vs. 63 years). Selfreported information on race was not available from a high proportion of nonrespondents. Information on educational level was obtained from all respondents but only from a small proportion of nonrespondents who completed a brief questionnaire. The histologic distributions of NHL were significantly different between respondents and nonrespondents, with a greater proportion of follicular lymphomas and a lower proportion of diffuse large B-cell lymphomas being seen among respondents, mainly because of the higher fatality rate for diffuse large B-cell lymphomas as compared with follicular and other lymphomas. Approximately 18.0 percent of persons with diffuse large B-cell lymphomas were deceased when we attempted to contact them, as compared with 2.8 percent of persons with follicular lymphomas. With the exception of race, the distributions of these factors were similar across the four centers, although for some centers the differences did not achieve statistical significance (results not shown). There were more African Americans at the Los Angeles and Detroit centers (18-31 percent) than at the Seattle and Iowa centers (<2.5 percent) (results not shown).
Tables 3-6 present comparisons of the census block, block group, or tract demographic and socioeconomic characteristics of respondents and nonrespondents at each study center. Los Angeles had a much higher percentage of Hispanics than the other centers. Among cases, the odds of being a nonrespondent increased significantly as the proportion of Hispanics increased. The odds decreased significantly with increasing proportions of non-Hispanic Whites, median household income, proportions living in singlefamily homes, and proportions in years-of-education categories among men and women overall and among Hispanics (table 3) . Among controls, nonresponse was not statistically significantly associated with the census variables; however, as was observed for cases, odds ratios for nonresponse were inversely associated with years of education.
In Detroit (table 4), the odds of being a nonresponding control decreased significantly as median household income increased; the same pattern was observed among cases, although the trend was not statistically significant. Educational level was higher for both men and women in responding cases' census tracts as compared with nonresponding cases' census tracts. Among African-American women, a higher educational level was inversely associated with nonresponse. We observed similar patterns for educational level among male African-American cases and controls which did not reach statistical significance.
In Seattle (table 5) , controls from census blocks with fewer Hispanics and more non-Hispanic Whites and from census block groups with higher household incomes were more likely to participate. Cases and controls from census block groups with !50 percent single-family housing units were more likely to participate; however, the association was statistically significant only among cases in the third quartile.
In Iowa (table 6) , cases from census blocks with more Hispanics and fewer non-Hispanic Whites were less likely to participate in the study. Among cases and controls, being a nonrespondent was associated with living in an urbanized area, although the association was statistically significant only among cases. For both cases and controls, the proportions who obtained their water from a public utility were similar between respondents and nonrespondents. Although respondents were more likely to live in less urbanized areas, differences in the acreage of cropland within 500 m of homes did not differ statistically between respondents and nonrespondents.
Several of the census variables we evaluated were correlated with each other (e.g., household income and living in a single-family home (r ¼ 0.51), household income and educational level (r ¼ 0.64)). Adjusting all of the census factors for each other in multivariable analyses, we found that, among cases, non-White race (all centers), older age (Detroit and Iowa), fewer years of education (Los Angeles and Detroit), male sex (Iowa and Seattle), and a lower percentage of single-family homes (Los Angeles) were statistically significant predictors of nonresponse. Among controls, non-White race (Los Angeles and Seattle; non-Whites were mostly African-American), lower income (Detroit), and fewer years of education (Seattle) were significant predictors of nonresponse.
We evaluated the association between census tract educational level and household income and risk of NHL among respondents only and among all eligible subjects (table 7) . When results were based on respondents only, the odds ratios for 12-15 years of education versus <12 years (odds ratio ¼ 1.41, 95 percent confidence interval: 1.12, 1.77) and for !16 years of education versus <12 years (odds ratio ¼ 1.37, 95 percent confidence interval: 1.01, 1.86) were underestimated by 1 percent and 8 percent, respectively, as compared with the respective odds ratios for education among all subjects. The bias related to household income was 6 percent, 8 percent, and À7 percent for comparisons between the three higher income levels, respectively, as compared with the lowest income level.
In the spatial analysis, we found a nonrandom elliptical cluster of 105 cases (p ¼ 0.025) in Detroit in which there were fewer respondents than expected (35 vs. 59) (figure 1). In this cluster, there were fewer Whites (p < 0.001), and cases inside the ellipse were less educated (p < 0.001) than cases outside the ellipse. The differences by education and race were observed for both respondents and nonrespondents. In Los Angeles, there was also an elliptical cluster of 269 cases (p ¼ 0.022) in which the number of respondents was lower than expected (109 vs. 140). There were fewer Whites inside the ellipse (p < 0.001) than outside, and subjects inside the ellipse were less educated (p < 0.001) than subjects outside the ellipse. The differences by education and race were seen for both respondents and nonrespondents. At both centers, spatial analysis of the residuals from the logistic regression analyses adjusted for census race, sex, age, income, education, and proportion of single-family housing units showed no significant clustering, indicating that all of the geographic clustering of nonrespondents could be explained by socioeconomic and demographic factors. There were no statistically significant geographic clusters of nonrespondents in Iowa or Seattle. 
DISCUSSION
Response rates in epidemiologic studies, particularly population-based case-control studies, have been decreasing for two decades (1). Low response rates increase the likelihood of nonresponse bias, the systematic difference in exposures and other factors between responding and nonresponding groups. In our study, the response rates ranged from 52 percent to 67 percent for cases and from 38 percent to 58 percent for controls, and among cases, the distributions of sex, age, and histologic type differed significantly between respondents and nonrespondents. { An urbanized area is defined by the Census Bureau as a densely settled territory that contains 50,000 or more people. # 1 acre ¼ 0.4 hectares. ** Categorization into tertiles of total acres of cropland within 500 m of the study subject's house, averaged over three years (1998) (1999) (2000) , was based on the distribution for all respondents. yy Odds ratios were not adjusted for race.
Therefore, we were concerned about possible differences in the distribution of exposure variables between respondents and nonrespondents.
Since we had little individual information for nonrespondents, we selected census-derived variables that characterized the socioeconomic status of the population living in the study subjects' geographic census units and compared this information between respondents and nonrespondents.
To the best of our knowledge, this is the first study to have used a geographic information system to evaluate census data and spatial clustering among respondents and nonrespondents in epidemiologic research. Census variables may be useful surrogates for individual information because of the small size of census units and the tendency for them to be fairly homogeneous with regard to socioeconomic features. Linkage of participants in epidemiologic studies to their census units has been used to estimate neighborhood socioeconomic characteristics in public health studies (10) . Our analysis of individual census variables showed that among cases at one or more study centers, nonresponse was statistically significantly associated with Hispanic ethnicity and non-White race, lower household income, multiple-unit housing, less education, and living in a more urbanized area. Differences between respondents and nonrespondents were most marked in Los Angeles. There were no significant differences in census characteristics among responding and nonresponding controls, except in Seattle, where nonresponse was associated with living in census blocks with a greater proportion of Hispanics, and in Detroit, where nonresponse was associated with lower income. However, for many of the other census characteristics, the patterns of risk of nonresponse among controls were similar to those observed among cases. This was confirmed in multivariable analyses, in which most census variables showed similar associations among cases and controls, although there were more significant contributors among cases.
Our results indicate that there was higher participation in census units with higher socioeconomic status. Such a pattern of lower participation rates in populations with lower socioeconomic status has been demonstrated in several other studies (11) (12) (13) (14) . Our spatial clustering analysis confirmed that the low response rates in specific geographic areas in Detroit and Los Angeles were completely explained by demographic and socioeconomic factors. In future studies, it may be useful to monitor participation rates in small census-defined areas using the cluster analysis approach to target efforts to increase response rates.
Disparities between respondents and nonrespondents may render case and control groups unrepresentative of the base population with respect to exposure prevalence. However, differences in exposure between respondents and nonrespondents do not necessarily lead to biased risk estimates (15) (16) (17) . Risk estimates are biased only if a risk factor (or another factor related to a risk factor) differentially influences participation among cases and controls (16) . In other words, the odds ratio among respondents may be unbiased even though the odds of exposure in responding cases and controls are misrepresented, because the odds ratio is determined by the combined effect of response rates on all exposure-disease combinations (15) .
In spite of the low response rates in our study, the analysis of educational level and household income and NHL risk comparing respondents with all eligible subjects revealed that the nonresponse bias in the odds ratio estimate was not large. The small bias in the odds ratio was probably due to the consistent nonresponse bias patterns by educational level or household income for cases and controls. Other studies in which the distribution of socioeconomic status has varied between respondents and nonrespondents have similarly demonstrated minimal bias in risk estimates for socioeconomic status and exposures which are correlated with socioeconomic status (12, 18) . These findings are consistent with research demonstrating that the degree of bias is tolerable as long as the determinants of participation do not act dramatically differently for cases and controls and are not very highly correlated with the exposure of interest (19) .
In summary, we have shown that responding and nonresponding cases differed by demographic and socioeconomic characteristics in the NCI-SEER NHL Study. Our analysis underscores the need for efforts to improve response rates among subjects who are older or have a lower socioeconomic status (20) . Cluster analysis may be a useful method for identifying particular neighborhoods to target for these efforts. Caution should be used in inferring characteristics of the target population based on respondents only. Nevertheless, in this study, nonresponse did not have a substantial impact on the risk of NHL associated with educational level and household income, offering some assurance that the magnitude of bias due to nonresponse is not likely to have been large. However, we were unable to assess the potential effect of nonresponse on specific exposure variables.
